Abstract: 4H-SiC metal Schottky field effect transistors (MESFETs) and Schottky barrier diodes (SBDs) were irradiated at room temperature with 1 MeV neutrons. The highest neutron flux and gamma-ray total dose were 1 10 15 n/cm 2 and 3.3 Mrad(Si), respectively. After a neutron flux of 1 10 13 n/cm 2 , the current characteristics of the MES-FET had only slightly changed, and the Schottky contacts of the gate contacts and the Ni, Ti/4H-SiC SBDs showed no obvious degradation. To further increase the neutron flux, the drain current of the SiC MESFET decreased and the threshold voltage increased. B of the Schottky gate contact decreased when the neutron flux was more than or equal to 2.5 10 14 n/cm 2 . SiC Schottky interface damage and radiation defects in the bulk material are mainly mechanisms for performance degradation of the experiment devices, and a high doping concentration of the active region will improve the neutron radiation tolerance.
Introduction
Silicon carbide (SiC) has outstanding properties and can be used to fabricate electronic devices in the nuclear power industry and in satellite-based systems OE1 . Among various SiC electronic devices, the 4H-SiC MESFET and SBD have shown their maturity and been widely applied in high frequency and high power systems. Investigation of the neutron radiation effect is important for SiC device application in the intense radiation environment. The radiation effects of high-energy changing particles OE2 7 and gamma ray OE8; 9 on SiC MESFETs and SBDs have been reported, but the neutron radiation effect has rarely been investigated. In this paper, 1 MeV neutrons were used to investigate the radiation effect on 4H-SiC MESFETs. The highest neutron flux is up to 1 10 15 n/cm 2 .
Experiment
4H-SiC MESFETs were fabricated on a 4H-SiC semiinsulating substrate. A low doped p-type buffer layer and a 0.3 m n-type channel layer with 3 10 17 cm 3 were grown. The gate length and width were 1.2 m and 1 mm, respectively. 4H-SiC SBDs were fabricated on an unintentionally doped ntype 4H-SiC epilayer with 10 m thickness grown on a 4H-SiC high doped substrate. The net carrier concentration of the epilayer layer was about 6.4 10 14 cm 3 . Ni metal was deposited for the backside of the SiC wafer and annealed to form an ohmic contact. A circular Schottky contact was formed by Ni/Cr/Au or Ti/Cr/Au on the top of the epilayer layer.
The radiation experiment operated at room temperature was performed in the Xi'an pulse reactor at the Northwest Institute of Nuclear Technology. The neutron flux and gamma dose rate were 8.1 l0 7 n/(cm 2 kW s) and 0.245 rad(Si)/(kW s), respectively. The reactor operated at 200 kW produced the neutron flux of 1 l0
13 n/cm 2 , then operated at 1 MW to produce the 1 l0 15 n/cm 2 flux. The highest neutron flux corresponding gamma total dose was 3.3 Mrad(Si). All the devices had zero bias during irradiation.
Direct current characteristics were measured at different neutron fluxes, using an HP4156A precision semiconductor parameter analyzer and an Agilent Technology 34980A multifunction switch/measurement unit. To avoid the activation effect of neutron radiation, on-line measurement was performed to obtain the device characteristics. A 40 m long data line was used to connect the devices and the measurement equipment.
Results and discussion
During measurements of the samples, it was found that noticeable and repeatable results were obtained. Figure 1 shows the typical output characteristics of a 4H-SiC MESFET at different neutron flux.
In Fig. 1(a) , only slightly changes in I -V are observed after neutron flux of 1 10 13 n/cm 2 , while an obvious decrease in the drain current is noticed for 1 10 14 n/cm 2 . The drain current at V ds = 20 V and V gs = -7 V decreased by 18.9% and 68.3% after neutron flux of 1 10 14 n/cm 2 and 1 10 15 n/cm 2 , respectively.
The degradation of the drain current was mainly caused by carrier and mobility removal effects due to neutron radiation induced defects in the channel layer OE10 12 , and the negative surface charge above the channel region introduced by gamma- rays also probably made the drain current decrease OE3; 5; 13 . From Fig. 1(b) , a slight drain current increased in the low V ds (< 7 V) at a neutron flux of 2.5 10 14 n/cm 2 compared to the flux of 1 10 14 n/cm 2 . In addition to the conductance of the channel layer, the drain current was influenced by Schottky gate contact. Figure 2 shows V gd versus I gd (other contacts are floated) both before and after radiation.
As can be seen from Fig. 2 , after radiation, the gate current (I gd / is increased at low V gd and decreased at higher V gd . Based on the thermionic emission theory, the forward current I F running through the Schottky contact can be expressed as Eqs. (1) and (2) OE14 ,
where n is the ideality factor, I S is the reverse saturation current, R s is the on-state resistance, A is the gate contact area and A* is Richardson's constant (146 A/(cm 2 K 2 //. With the calculation from Fig. 2 , the Schottky barrier heights of B of the gate Schottky contact at different neutron flux are shown in Fig. 3 . B is 1.00 eV before radiation, decreasing to 0.93 eV after neutron flux of 1 10 15 n/cm 2 . B basically remains at the same value when the neutron flux is less than or equal to 1 10 14 n/cm 2 , but begins to decrease at the flux of 2.5 10 14 n/cm 2 . This result is consistent with the degradation trend of the drain current. In a higher neutron flux, degradation of the channel layer is the dominant factor in the degradation mechanism.
Reference [9] reported that 4 Mrad(Si) gamma-ray radiation will not degrade the B of 4H-SiC Schottky contact. In this paper, the highest gamma-ray total dose was 3.3 Mrad(Si), so the degradation mechanism of the gate Schottky contact can be explained by the SiC Schottky contact or bulk material damage introduced by neutron radiation. Considering that the carrier concentration of the bulk material decrease will cause B to increase, the degradation mechanism of B could be explained by Schottky interface damage caused by neutron radiation. Figure 4 shows the transfer characteristics and transconductance of the 4H-SiC MESFET at different neutron flux from 1 10 13 to 1 10 15 n/cm 2 at V ds = 15 V. The threshold voltage increased with increasing neutron flux. After radiation of 1 10 14 n/cm 2 , the threshold voltage increased from -12.5 to -11.5 V, as shown in Fig. 4(a) . From Fig. 4(b) , in the high reverse gate voltage, i.e., less than -10 V, transconductance decreased with increasing neutron flux. No more data were obtained in the lower gate voltage limited by the measurement conditions. The degradation of threshold voltage and transconductance can be explained by the carrier removal effect in the channel layer caused by neutron radiation. Figure 5 shows the forward characteristics of Ni and Ti/4H-SiC SBDs at different neutron flux. In the low bias voltage, the 114006-2 forward current of both SBDs shows no obvious change after a neutron flux of 1 10 13 n/cm 2 , but is only decreased a little bit in the higher bias voltage.
With the calculation from Fig. (2) , B of the Ni and Ti/4H-SiC SBDs are 1.02 eV and 0.82 eV. B basically remained at the same value after a neutron flux of 1 10 13 n/cm 2 . At a high forward voltage, R S can be given by
R S is increased from 21.8 to 22.9 for Ni/4H-SiC SBD, and from 18.6 to 21.5 for Ti/4H-SiC SBD. The degradation mechanism of R S is similar to the drain current of the MESFET.
As can be seen from Fig. 5 , after neutron flux of 1 10 14 n/cm 2 , the forward currents of both SBDs become worse because the epilayer of the SiC SBDs has become a high resistance layer due to the carrier removal effect. Compared with the gate contact of the SiC MESFET, the SiC SBD showed lower neutron radiation tolerance, which can be ascribed to the low carrier concentration of the active region. So the high doping concentration of the active region will improve the neutron radiation tolerance.
Conclusion
In this paper, the neutron radiation effect on a 4H-SiC MESFET and Ni, Ti/4H-SiC SBDs are investigated with the flux up to 1 10 15 n/cm 2 . After a neutron flux of 1 10 13 n/cm 2 , the current characteristics of the MESFETs and SBDs exhibit no obvious change, and they show excellent radiationresistance capability. With increasing neutron flux, the drain current of the MESFET decreased and the threshold voltage increased. No obvious degradation of B of the gate Schottky contacts of the Ni and Ti/4H-SiC SBDs was observed at the neutron flux of 1 10 13 n/cm 2 , but it decreased at a flux of 2.5 10 14 n/cm 2 for the gate Schottky contacts. The result in this paper shows that a high doping concentration of the active region will improve the neutron radiation tolerance.
